Abstract: This letter proposes a behavioral model to estimate the statistical photon arrival time for time-of-flight (TOF) measurement circuit simulation. A theoretical model is derived to calculate the photon arrival rate by full consideration of a variety of properties of a TOF measurement system, such as laser source, optics, single-photon avalanche diode detector, target distance, and ambient illumination. For the first time, the newly developed model is implemented in behavioral Verilog-A hardware description language and successfully operated on Cadence Spectre simulator for TOF circuit simulation. It is capable of accurately predicting the statistical performance parameters such as photon arrival time and achievable distance, providing a new candidate tool for the ease of design and simulation of various high-performance TOF measurement circuits.
Introduction
In the past decade years, laser imaging detection and ranging (LIDAR) technique has become a promising method to offer precise distance and spatial resolution measurements by means of time-of-flight (TOF) principle [1] , [2] . Due to high sensitivity and picosecond timing resolution, single photon avalanche diodes (SPADs) fabricated in low-cost CMOS technology have attracted great interest in the time-correlated LIDAR systems [3] , [4] . For instance, one potential application of CMOS SPAD-based imagers is in advanced driver assistance systems (ADAS), which enables the automotive three-dimensional (3D) vision through the TOF technique [5] - [7] .
A typical SPAD-based LIDAR system mainly consists of a laser transmitter, a few optical components, a system control circuit and a SPAD imager integrated with a time-to-digital converter (TDC) or a time-to-amplitude converter (TAC) and other on-chip electronics for photon timing [8] - [10] . The TDC or TAC as a key TOF measurement circuit, in order to better understand their performance and further predict the error of TOF measurement information, an accurate behavioral model for simulating the statistical photon arrival time is in great demand. Some theoretical models have been presented to estimate the rate of photons impinging on SPAD devices [11] - [13] . The key LIDAR system parameters like the laser source, the target object, and the ambient light are taken into account in these models. On the basis of the theoretical models, Monte Carlo simulation is usually carried out to assess the performance of a SPAD-based LIDAR system, such as ranging precision and immunity to ambient light [11] , [12] , [14] . However, since the theoretical models cannot be directly applied in the LIDAR system level circuit simulation, the timing performance of the TOF measurement circuit cannot be accurately analyzed. Moreover, the presented Monte Carlo simulation doesn't fully consider various non-ideal factors, for example, the jitter time of laser and the timing resolution and nonlinearity of TDC circuits, thus the simulation results are too idealized to evaluate the performance of the whole LIDAR system comprehensively.
The focus of this work is to develop a novel behavioral simulation model, which is used to estimate the statistical photon arrival time for SPAD detectors. For the first time, the behavioral model has been implemented in Verilog-A hardware description language (HDL) and the TOF measurement circuit simulation has been available run on the commercial simulator. Since the TOF circuit simulation involves a variety of influences of photons arrival time, SPAD device, quenching and TDC circuits, the desired distance information can be accurately predicted. The proposed behavioral simulation model provides a promising candidate tool for the developments of the SPADbased TOF sensors.
Modeling of Photon Arrival Time
The rate of a photon incident on the SPAD sensor for a given optical source power is firstly calculated according to the photon flight path. Fig. 1 illustrates a typical photon flight path in a LIDAR measurement system where a light beam emitted by a laser source is reflected by the target and then sensed by the SPAD detector.
For a point-like laser source with optical power P Sour ce , if the light beam is emitted with divergence angles of α x and α y in horizontal and vertical directions, respectively, we can calculate the optical power density at the target distance d as [11] E Sour ce = P Sour ce d 2 
On the other hand, the area of the view field at the distance d can be expressed with
Here, the horizontal and vertical view angles F oV x and F oV y are respectively given by [4] F oV x = 2 tan
In which, f is the lens focal length, L and W are the length and width of the pixel pitch of the SPAD detector, respectively. The area of a pixel equals to
It can be seen that the product term of the E sou r ce A F oV represents the incident light power on the view field. The power density of the return laser beam reflected by the target in the field of view is decreased with the square of the distance by the term 1/2πd 2 . Further considering the reflectance coefficient T of the target and the transmission losses T 0 of the laser and optical lens, we can obtain the optical power focused on the SPAD detector as
Where the A aperture is defined as the area of a lens with an optical aperture D and it is given by
In order to estimate the photo incidence rate on the SPAD detector, the optical power per pixel in Equation (5) should be divided by the single photon average energy h c/λ. Here, h is the Planck's constant, c is the speed of light, and λ is the wavelength. In addition, the fill factor (FF) and the photon detection efficiency (PDE) of the SPAD detector should be also considered. Finally, the laser photon arrival rate can be calculated by
However, besides laser photons, the ambient photons are also detected by the SPAD sensor at the same time, which inevitably has a serious impact on the detectable precision of LIDAR measurement system. Accordingly, the ambient illumination must be included in the total photon detection rate as well. In fact, an optical bandpass filter is generally used to eliminate the light illumination outside the filter band, thus the ambient light power density is obtained with
Where the E su n (λ ) is the power density spectrum of ambient illumination through the optical bandpass filter. By replacing E Sour ce with E A mb in Equation (7), we can acquire the ambient photon arrival rate as follows:
As seen from the Equation (9), the ambient photon detection rate is irrelevant with the target distance but depends on the LIDAR optical system parameters and the SPAD detector characteristics.
It is worth noting that the statistic photon arrival time exhibits an exponential and random distribution for the laser beam and ambient light, respectively. The average interval τ L aser between two adjacent laser photons is expected to the reciprocal of the photon arrival rate, i.e., τ L aser = 1/R L aser . Similarly, the average interval τ Amb equals to 1/R A mb for ambient photons. In terms of the photon arrival rates given in Equations (7) and (9), the arrival time of the individual photon can be modeled. 
Verilog-A Model Implementation
The derived theory model of the photon arrival rates was implemented in Verilog-A HDL. Above all, the arrival time of the first laser photon reflected by the target is calculated according to the target distance and light speed. However, the first photon arrival time exhibits little uncertainty due to the laser timing jitter. To illustrate the impact of this effect, a Gauss distribution function is applied to obtain the statistical arrival time. We take the laser jitter time as a mean value of Gauss distribution function $rdist_normal (seed, 0, mean) to return a random number, marking the arriving time of the first received laser photon. Then, taking this arrival time of the first photon as a starting point and using the expected average interval τ Laser as a mean value, an exponential distribution function $rdist_exponential (seed, mean) is adapted to record the arrival time of a series of laser photons within a specified laser pulse duration. Meanwhile, we make use of a random distribution time function $random (seed) with the expected average interval τ Amb as a mean value to randomly generate ambient photons in the whole TOF measurement window. Finally, the laser photon signals are merged with the ambient photon signals. One example of the Verilog-A HDL codes for modeling photon arrival events is illustrated in Fig. 2. 
Verilog-A Model Simulation and Validation
The Verilog-A model was operated on Cadence Spectre simulator to validate the feasibility of model simulation. The used key model parameters are listed in Table 1 . The emission power and wavelength of laser source are assumed to 400 W and 905 nm. The divergence angles of the laser beam along horizontal and vertical directions are set to 5°and 0.1°, respectively. A standard optical lens with 12.5 mm focal length and 1.5625 mm aperture diameter is used. The pixel of the SPAD detector occupies an area of 0.01 mm² with a fill factor of 10% and a PDE of 8%. A Lambertian reflection coefficient of 50% is assumed for a target. Fig. 3 illustrates the photon arrival time distribution in a 100 ns measurement window by model simulation. Here, the distance of the target is assumed to 7.5 m. The duration and time jitter of laser pulses is assumed to 15 ns and 80 ps, respectively. Fig. 3(a) shows the arrival time of the first laser photon reflected by the target is around 50 ns corresponding to the target distance of 7.5 m, which exhibits a Gauss statistical distribution due to the time jitter of laser emission. Once the first laser photon arrives, taking this arrival time as a start point, a series of laser photons with 200 MHz arrival rate appear continuously, showing an exponential distribution in the duration of the laser pulse, as shown in Fig. 3(b) . Additionally, Fig. 3(c) displays the arrival time of ambient photons in a 100 ns detectable window under the ambient light density of 10 klux. It is observed that the ambient photons occur randomly across the whole detectable window with the arrival rate of about 70 MHz. Finally, the laser and ambient photons are merged, as shown in Fig. 3(d) . It is noticed that if the ambient light density is further enhanced to 100 klux, the arrival rate of ambient photons will increase significantly, as depicted in Fig. 3(e) . Hence, it will become more difficult to detect the first arrival laser photon from a plurality of ambient photons. The TOF circuit simulation is further carried out to verify the accuracy of the behavioral model. Fig. 4 shows a direct TOF measurement system, including a SPAD detector, a gated quench circuit, and a TAC circuit. Here, an accurate behavioral SPAD model is used to emulate the statistical performance of the SPAD device, including avalanche triggering, dark counts and after-pulsing phenomenon [15] , [16] . In our work, the dark count rate and the after-pulsing rate of the SPAD device model are lower than the photon arrival rates, so they pose little influence on the TOF measurement. The input photon signals of the SPAD device model are provided by the proposed photon model. The gated quenching circuit consists of two transistors of M1 and M2 and one AND gate. The quenching and recharging operations are controlled by 'Quench' and 'Window' signals [3] , [17] . The TAC circuit features a 200 ps timing resolution in a full-scale range of 100 ns. The time-to-amplitude conversion is started by photon avalanche signal 'TAC_Start' and stopped by global 'Stop' signal. Ultimately, the output result of the TAC is converted into 9-bit digital signals.
To suppress the influences of ambient illumination, the dead time of SPAD device and other statistical variations in the LIDAR system, the TOF measurements should be operated repeatedly over hundreds or even thousands of cycles. Fig. 5 presents the operating principle of the TOF measurement with multiple cycles in this work. To cover the whole time span, in every cycle, the SPAD is ready to detect a photon in a shifting timing window. The obtained photon arrival time values are collected in a histogram over many cycles. In terms of the histogram peak, the photon flight time can be calculated by using a software algorithm. 6 intuitively depict a simulation example of the accumulated photon arrival time at the ambient illumination density of 10 Klux. Here, the photon arrival time over 300 cycles is collected in a histogram with a 200 ps bin width. In this histogram, the arrival time of the detected photons is mainly concentrated around 50 ns. Furthermore, a small number of ambient photons are accumulated as well across the whole 100 ns time span. More clearly, a histogram peak is found at 49.6 ns, as displayed in the inset picture of Fig. 6 , indicating the arriving time of the first laser photon reflected by the target. It means the target distance is about 7.44 m, which is very close to the actual distance of 7.5 m. Fig. 7(a) shows the TOF measurement precision by model simulation for three target distances at the ambient light density of 10 Klux. The measurement distances are very proximate to the actual values and the measurement error is less than 1.46% within 10.5 m distance. Fig. 7(b) illustrates the standard deviation of measurement distance versus ambient light density. It is obviously found that the stronger the ambient illumination, the larger the measurement standard deviation. As the ambient light density is enhanced from 10 to 50 klux, the standard deviation of the measurement distance is increased from 6 cm to 9 cm for 7.5 m target distance. This is due to the fact that the increased photon arrival rate of the ambient light seriously affects the TOF measurement of the first arriving laser photon. The obtained simulation results show good accordance with the actual situation [18] , which validates the high accuracy of the proposed model. It suggests that this behavioral model is very suitable for the TOF-related circuit simulation and can be used to accurately predict the performance of a LIDAR system.
Conclusions
In this paper, a novel behavioral model is proposed to estimate the statistical photon arrival time for SPAD-based TOF measurement system simulation. A theoretical calculation model is firstly derived and illustrated with the full consideration of the performance parameters of LIDAR system, such as laser source, ambient illumination, optics, SPAD device for the accurate prediction of photon arrival rate. The proposed theoretical photon arrival rate model was then realized with Verilog-A HDL. For the first time, the LIDAR system level circuit simulation is carried out on the commercial simulator by means of the presented Verilog-A model. The circuit simulation indicates that the photon flight time corresponding to the measurement distance can be accurately assessed, proving the feasibility and accuracy of the model. The proposed behavioral model enables LIDAR system level circuit simulation and provides a useful candidate tool for the design and optimization of the SPAD-based TOF measurement circuits.
